West Nile virus (WNV) infection was diagnosed in 13 gray squirrels (Sciurus carolinensis) and 3 fox squirrels (Sciurus niger) that were observed with neurologic signs before death or found dead. All 16 had gliosis throughout all sections of the brain. Most had lymphoplasmacytic encephalitis or meningoencephalitis, many with admixed neutrophils. Neuronal necrosis and neuronophagia were also prominent features. West Nile virus antigen was demonstrated in the brain, spleen, heart or kidney in 10 of 13 gray squirrels and 3 of 3 fox squirrels by immunohistochemistry. Nucleic acid amplification tests (NAATs) confirmed the presence of WNV in the brain or spinal cord of 10/10 gray squirrels and 1/3 fox squirrels tested. Viral levels were quantified in various tissues of selected gray squirrels, and titers were highest in spleen and brain, with no virus detected in serum. This is the first description of lesions associated with WNV infection in gray and fox squirrels.
West Nile virus (WNV) is a flavivirus, member of the family Flaviviridae. The virus is primarily transmitted between birds and mosquitoes to mammals. 1, 3, 4, 11 The first documented occurrences of WNV infection in North America was from New York City in 1999 with illness and death in humans, horses, and birds. 1, 3, 4, 8, 11 Most reports of mammalian infections have been in humans and horses, though there have been occasional reports of WNV infection in other mammals, including bats, a chipmunk, a skunk, a domestic rabbit, and an eastern gray squirrel. 7 Reports of unusual squirrel mortality events including squirrels with neurologic signs from several locations in Illinois prompted a diagnostic investigation as part of a cooperative statewide wildlife disease surveillance program conducted in conjunction with the Illinois Department of Natural Resources and resulted in documentation of WNV infection in 2 species of squirrel.
Materials and methods
Animals. Thirteen eastern gray squirrels (Sciurus carolinensis) and 3 fox squirrels (Sciurus niger) were examined at the University of Illinois Veterinary Diagnostic Labora-tory (VDL) or at the University's Zoological Pathology Program from August through October 2002. The Illinois Department of Natural Resources submitted squirrels found dead or demonstrating neurologic abnormalities for necropsy examination. Neurologic signs included circling, chewing at feet, lethargy, and ataxia.
Necropsy and histopathology. Ten animals were presented dead. Six animals were presented live, with 5 euthanized by overdose of pentobarbital and 1 with carbon dioxide. Necropsy examinations were performed on all squirrels. Representative samples of all organ systems were fixed in 10% phosphate-buffered formalin, embedded in paraffin, sectioned at 5 m, and stained with hematoxylin and eosin. Heart, spleen, kidney, lung, liver, brain, spinal cord, or serum were frozen at Ϫ80 C.
Immunohistochemistry. Immunohistochemistry (IHC) was performed on brain, heart, spleen, or kidney using an immunoperoxidase method with VR-1267AF, West Nile ascitic fluid (NIAID V-554-701-562) a in accordance with the manufacturer's instructions.
Nucleic acid amplification tests. West Nile virus RNA was detected using 2 nucleic acid amplification methods. Animals necropsied at the University of Illinois VDL were submitted to the Illinois Natural History Survey Medical Entomology Laboratory (Method 1), and animals necropsied at the Zoological Pathology Program were submitted to the Illinois Department of Public Health Molecular Diagnostics Laboratory in Chicago (Method 2). Method 1. Frozen heart, spleen, kidney, spinal cord, or brain were submitted for real-time reverse transcriptasepolymerase chain reaction (RT-PCR) on individual tissues using primers WN3ЈNC to amplify the 103 base pair nucleocapsid gene. 6 The primers used were as follows: forward 5Ј-CAGACCACGCTACGGCG-3Ј (nucleotides 10,668-10,684), reverse 5Ј-CTAGGGCCGCGTGGG-3Ј (nucleotides 10,770-10,756), and probe 5Ј-TCTGCGGAGAGTGCA-GTCTGCGAT-3Ј (nucleotides 10,691-10,714). 6 Method 2. Identical tissues were pooled and homoge- nized into BA-1 tissue culture medium, and the presence of WNV RNA was determined by Nucleic Acid Sequence-Based Amplification (NASBA) 5 using the NucliSens᭨ Basic Kit b reagents for RNA isolation, purification, amplification, and detection. 5 Primer sequences were as follows: forward, WN 1333, 5Ј-gatgcaaggtcgcatatgag-ACCA-AGGCAATAGGAAGAACCA-3Ј (nucleotides 1,333 to 1,354), reverse, WN 1494c, 5Ј-aattctaatacgactcactatagggagaagg-GTATGAAGGCGCCGCAGGAGTGA-3Ј (nucleotides 1,494-1,472), and probe, WN 1432, ECL 5Ј-TCCA-CACAGGTTGGAGCCACTCAGG-3Ј (nucleotides 1,432-1,456). 5 (Forward primer (WN 1333) has a 5Ј-ECL sequence (lowercase), reverse primer (WN 1494c) has a 5Ј T7 promoter sequence (lowercase), and the WN 1432-ELC probe was 5Ј-biotinylated 5 ). West Nile virus-specific NAS-BA products were detected using the NucliSens᭨ ECL Reader b according to the manufacturer's recommendations. Viral levels in organs. Heart, liver, spleen, kidney, brain, lung, or serum collected immediately after euthanasia from squirrels positive by nucleic acid amplification test (NAAT) or IHC were used to assess viral levels. Approximately 0.5cm 3 portions of tissue were harvested for WNV detection by Vero plaque assay. 9 Viral levels were quantified by Vero plaque assay of serial 10-fold titrations. Serum was tested undiluted and treated as clarified tissue homogenates.
Results
Necropsy and histopathology. There were no gross necropsy findings attributed to WNV. Sixteen squirrels, including 10 male juvenile gray squirrels, 2 juvenile female gray squirrels, 1 adult female gray squirrel, 1 juvenile female fox squirrel, 1 adult female fox squirrel, and 1 male juvenile fox squirrel were considered WNV infected on the basis of suggestive histologic lesions in conjunction with positive IHC or NAAT results.
Histologic lesions associated with WNV infection were most consistently found in the brain and were present in all 16 animals ( Table 1 ). Brainstem and thalamus were most commonly and severely affected followed by the cerebral cortex. Only minimal or no changes were noted in the cerebellum. Hippocampus was minimally affected in 3, and in 1 squirrel (G7) this was the most severely affected region of brain. The majority (15/16) of squirrels had mild to severe lymphoplasmacytic encephalitis or meningoencephalitis, with multifocal microglial nodules found predominantly in the gray matter. Most squirrels (12/16) also had mild perivascular ( Fig. 1 ) and meningeal infiltrates of neutrophils that frequently extended into surrounding neuropil. Neuronal necrosis ( Fig. 2 ) and neuronophagia were observed in 10 squirrels (7/13 gray and 3/3 fox). Mild multifocal hemorrhage was present in 13 squirrels, 11/13 gray, and 2/3 fox. A single gray squirrel (G6) had mild microgliosis and hemorrhage without evidence of inflammation.
Six squirrels, 5 gray squirrels, and 1 fox squirrel had mild to moderate lymphocytic myocarditis and 4 had myocardial necrosis ( Fig. 3 ). Two animals (G5 and G7) had mild focal hepatic necrosis.
Concurrent lesions considered independent from WNV infection included 5 with intestinal coccidiosis (G1, G2, G3, G12, F1), 2 with moderate tubulointerstitial nephritis (G1 and G2), 1 with an ovarian teratoma and a single hepatic cysticercus (G3), 1 with mild endogenous lipid pneumonia and mild proliferative dermatitis (G8), 1 with mild adrenal cortical nodular hyperplasia (G4), and 1 with mild pediculosis (G6).
Immunohistochemistry. Immunohistochemical labeling for WNV antigen was present in 13 individuals (10/13 gray squirrels and 3/3 fox squirrels) ( Table 2 ; Fig. 4 ). Brain was the only tissue stained in 4 animals. Antigen labeling was occasionally weak and most consistently positive in the brain (13/16), with variable staining of heart (3/12), spleen (3/12), or kidney (1/ 12). Antigen labeling was most commonly associated with microglial nodules. Three squirrels (G8, G11, G12) did not exhibit antigen labeling.
Nucleic acid amplification tests. The NAAT was performed on 13 animals ( Table 2 ). Detection of WNV was noted in 10/10 gray squirrels and 1/3 fox squirrels.
Viral levels in organs. Spleen and brain consistently had measurable virus titers, with brain supporting the highest concentrations (Table 3) . Virus was not detected in serum of the 3 animals tested. No virus was isolated from any tissue in 2 animals (G4, G6).
Discussion
The presentation and report of unusual mortality and neurologic signs in squirrels in Illinois prompted diagnostic investigation and the demonstration of encephalitis in these animals. Initial evaluation of squirrels quickly ruled out common causes of neurologic disease in squirrels such as cerebrospinal nematodiasis caused by Baylisascaris procyonis 2 or head trauma. Although encephalitis can be a feature of cerebrospinal nematodiasis, other findings such as neuronal necrosis were considered to be more suggestive of viral infection. Evaluation of brain cholinesterase levels in 2 early cases were within normal limits, suggesting that organophosphate toxicity was not contributory. Because appearance of squirrels with suspected viral encephalitis was temporally related to periods of high avian WNV mortality and WNV-positive mosquito pools in Illinois (Kinsel, personal observation M. Szyska, personal communication) additional diagnostic procedures for WNV were undertaken. West Nile virus RT-PCR, NASBA, and virus isolation confirmed infection of affected squirrels with WNV and suggested that WNV was the cause of the neurologic disease. This is the first description of the lesions associated with WNV infection in gray and fox squirrels and the demonstration of WNV infection in a new squirrel species, S. niger, has expanded the known host range for the disease. Squirrel  G1  G2  G3  G4  G5  G6  G7  G8  G9  G10  G11  G12  G13  F1  F2  F3 IHC Brain Heart Kidney Spleen
* ϩ ϭ presence of WNV antigen; Ϫ ϭ absence of WNV antigen; NT ϭ not tested. West Nile virus infection in gray and fox squirrels appeared to be most similar to that documented in horses and humans. The microscopic lesions in the squirrels were similar to those observed in horses except that in the squirrels, microglial nodules were not confined to the gray matter. 1 In contrast to birds, where the cerebellum is often the most severely affected region of the brain, 11 in the squirrels, as in humans 10 and horses, 1 the cerebellum is less severely affected than other areas of the brain. In human WNV infection, the brainstem is most severely affected, and a similar lesion distribution was noted in the squirrels. 10 In experimental WNV infection in the golden hamster, brain lesion distribution was variable depending on the day postinfection, ultimately with most severe lesions in the brainstem. 12 Lesions in the hamsters began as neuronal degeneration and necrosis, with gliosis and perivascular inflammation beginning to appear by days 7 and 8 postinfection. 12 In the squirrels, variability in both the distribution and inflammatory component of brain lesions may have been a result of examining animals at different intervals after infection and may follow a pattern similar to experimentally infected hamsters.
Although hepatic necrosis is reported in birds, 11 only 2 squirrels demonstrated this lesion. Liver lesions were minimal and focal, and it is uncertain that they were related to WNV. Immunohistochemistry was not performed on liver tissue in these animals. Lymphoplasmacytic and histiocytic myocarditis is reported frequently in infected birds, 11 and a lymphoplasmacytic myocarditis was present in 6 squirrels with myocardial necrosis in 4 of the 6 squirrels. Lesions were present in the epicardium, myocardium, and endocardium with variable severity as reported in birds. 11 Immunohistochemical labeling of myocytes was present in 2 of these squirrels, suggesting that myocarditis was attributable to WNV infection.
Most squirrels were in good nutritional condition and overall good health except for WNV infection, suggesting that healthy squirrels are susceptible to WNV infection. Several animals did have intestinal coccidiosis and 2 had tubulointerstitial nephritis, however, neither was considered a predisposing factor for WNV infection.
Immunohistochemistry and NAAT were both useful confirmatory tests for detection of WNV-infected squirrels with suspect histologic changes. Although antigen labeling was weak in several animals, immunoreactivity occurred at a level sufficient for detection in 13/16 animals. Three gray squirrels were negative by IHC but positive by NAAT, with infection in squirrel G8 further confirmed by viral culture. Conversely, 2 of 3 fox squirrels were positive by IHC yet had a negative NAAT result. No definitive reason for the false-negative or false-positive IHC and NAAT results was determined. Low levels of intralesional antigen may have led to the negative IHC results. Based on our findings, if IHC is negative, analysis by NAAT may be indicated, particularly if histologic central nervous system (CNS) changes compatible with WNV infection are present. Despite occasional false-negative results, both tests were considered adequately sensitive as diagnostic tests for determining WNV infection in squirrels. Infectious viral particles were detectable in a variety of tissues (Table 3) .
WNV infection in squirrels causes CNS lesions similar to those described in other species and diagnosis is feasible using IHC and NAAT. Mammals are usually dead-end hosts for WNV. 1, 11 The significance of squirrels as potential reservoir hosts for WNV infection was not determined by this study. Although serum collected at the time of euthanasia from 3 affected gray squirrels did not show detectable viral levels, the possibility of viremia (and hence potential transmission to insect vectors) cannot be excluded as part of the infection cycle in gray squirrels. Experimentally infected golden hamsters had moderate viremia 24 hours after inoculation, with no infectious virus being detected after day 6. 12 It is possible that squirrels were collected and examined after a similar initial period of viremia, and experimental inoculation studies would be required to exclude this possibility. Interestingly, gliosis and inflammatory infiltrates were not detected in hamsters until after the period of detectable viremia, 12 and these were the predominant lesions observed in the squirrels in this study. Even if squirrels are not found to be reservoir hosts for mosquitoes, they could potentially play a role in the transmission of WNV infection to predators as suggested by recent experimental infection of a great horned owl by the oral route. 4 Additional studies on the role of squirrels and other small rodents as reservoir hosts and in the transmission of WNV are required.
